IMPORTANCE Cortical lesions (CLs) contribute to physical and cognitive disability in multiple sclerosis (MS). Accurate methods for visualization of CLs are necessary for future clinical studies and therapeutic trials in MS.
RESULTS
Cortical lesions were noted in 35 of 36 participants (97%), with a median of 16 lesions per participant (range, 0-99). Leukocortical lesion volume correlated with WM lesion volume (ρ = 0.50; P = .003) but not with cortical volume; subpial lesion volume inversely correlated with cortical volume (ρ = −0.36; P = .04) but not with WM lesion volume. Total CL count and volume, measured as median (range), were significantly increased in participants with EDSS scores of 5.0 or more vs those with scores less than 5.0 (count: 29 ]). Cortical lesion volume correlated with EDSS scores more robustly than did WM lesion volume (ρ = 0.59 vs 0.36). Increasing log[CL volume] conferred a 3-fold increase in the odds of cognitive impairment (odds ratio [OR], 3.36; 95% CI, 1.07-10.59; P = .04) after adjustment for age and sex and a 14-fold increase in odds after adjustment for WM lesion volume and atrophy (OR, 14.26; 95% CI, 1.06-192.37; P = .045). Leukocortical lesions had the greatest effect on cognition (OR for log [leukocortical lesion volume], 9.65; 95% CI, 1.70-54.59, P = .01).
CONCLUSIONS AND RELEVANCE
This study provides in vivo evidence that CLs are associated with cognitive and physical disability in MS and that leukocortical and subpial lesion subtypes have differing clinical relevance. Quantitative assessments of CL burden on high-field MRI may further our understanding of the development of disability and progression in MS and lead to more effective treatments. tical pathology, including cortical atrophy, discrete cortical lesions (CLs), and diffuse subpial (SP) demyelination. Despite knowledge of the existence of cortical pathology in MS, in vivo visualization remains technically challenging.
Novel acquisition techniques, such as double-inversion recovery and phase-sensitive inversion recovery, have been used in studies of cortical pathology in MS. 5, 6 Unfortunately, the resolution of double-inversion recovery is limited by a poor signal to noise ratio, allowing for misclassification of juxtacortical WM lesions and small cortical vessels as CLs. 7, 8 Although the resolution of phase-sensitive inversion recovery leads to more accurate lesion classification, it may not adequately visualize SP CLs. 6 Another approach to delineate CLs in MS is to take advantage of the improved signal to noise ratio possible at higher magnetic fields, such as 7 T. 9 Although standard methods for CL identification on 7-T magnetic resonance imaging (MRI) have yet to be agreed on, several studies 8, 10 have demonstrated superior detection of both CLs and WM lesions on 7-T MRI compared with lower fields. Accurate visualization and quantification of CLs are necessary in MS research, since cortical pathology contributes to greater levels of physical and cognitive disability. [11] [12] [13] [14] Although there are suggestions that MS immunomodulatory therapies may prevent cortical pathology, 15 this hypothesis will remain unclear until protocols for accurate imaging of CLs are validated. In this study, we aimed to visualize CLs in MS on 7-T MRI and to evaluate the ability of quantified CL burden (ie, lesion count, volume, or both) to help explain physical disability, cognitive impairment, and a progressive phenotype.
Methods

Standard Protocol Approvals and Patient Consent
Protocols were approved by the institutional review boards at the Johns Hopkins University School of Medicine and the Kennedy Krieger Institute. Written informed consent was obtained from all participants. The healthy volunteers serving as controls received financial compensation. The study was conducted from March 10, 2010, to November 23, 2012, and analysis was performed from June 1, 2011, to September 30, 2014.
Participants
Volunteers with diagnoses of relapsing-remitting, secondary progressive, and primary progressive MS were recruited from the Johns Hopkins Multiple Sclerosis Center. Exclusion criteria were an MS relapse in the prior 30 days or symptoms of a major depressive episode. Age and educational level-matched healthy volunteers serving as controls were also studied.
MRI Protocol and Image Analysis
Magnetic resonance imaging was performed on a 7-T scanner (Achieva; Philips) with a volume transmit/32-channel receive head coil (Nova Medical Products) and with dielectric padding. Whole-brain, 3-dimensional (3-D), magnetization-prepared rapid acquisition of gradient echoes (MPRAGE) was acquired with 0. Figure 1A and B). Linked image sections were viewed and lesions were manually demarcated by a neurologist (D.M.H.) blinded to participants' identity and diagnostic category, with oversight from a trained neuroradiologist (I.I.). Methodologic reliability was assessed by having a second rater (J.O.) identify CLs on 10 sample cases (interrater), and both raters reviewed 2 cases twice (intrarater). Given the demonstrated advantages of MPRAGE over T2-weighted imaging for CL identification at high field, 18 CLs were primarily identified on MPRAGE, with MPFLAIR used for additional visual guidance. Similar to the identification criteria of Sinnecker et al, 18 CLs were required to be a minimum of 15% hypointense on gray scale measurement relative to the adjacent normal-appearing cortex. Hypointensities with a linear or tubular appearance or less than 1.0 mm in width were rejected to eliminate cortical blood vessels. Semiautomated region-ofinterest tools in MIPAV were used to draw borders around CLs and derive raw CL volumes. Cortical lesions were divided into subtypes according to pathologic definitions ( Figure 1C) 4 : (1) leukocortical (LC), borders traversing both WM and gray matter (GM); (2) intracortical (IC), located exclusively in GM; and (3) SP, widespread areas of signal abnormality extending inward from the pial surface, usually located in deep sulci. The Lesion-TOADS (Topology-Preserving Anatomical Segmentation) algorithm 19 was modified for 7-T images to obtain WM lesions and structural volumes. Images underwent nonparametric, nonuniform intensity normalization (generation N4) inhomogeneity correction 20 and skull stripping before segmentation. Segmentation errors were corrected manually. Raw volumes were normalized to intracranial volume, and brain parenchymal fraction (BPF) was calculated as total brain volume divided by intracranial volume. A CL subtype ratio was calculated as (LC lesion count -IC lesion count)/SP lesion count, as described by Nielsen et al. 21 A CL subtype ratio was similarly calculated for lesion volumes. A novel metric, termed CL-WM lesion burden ratio, was calculated as total CL volume/total WM lesion volume.
Disability Measures
Neurologic examinations were performed to determine Expanded Disability Status Scale (EDSS) scores, which were split into tertiles of severity. Participants were stratified into a highly disabled group if in the highest tertile (EDSS score, ≥5.0) or low/moderately disabled group if in the lower 2 tertiles (EDSS score, <5.0). The Timed 25-Foot Walk, 9-Hole Peg Test, and 3-second delay Paced Auditory Serial Addition Test were administered to determine the MS Functional Composite score, using the National Multiple Sclerosis Society Clinical Outcomes Assessment Task Force data set for normalization. 22, 23 The Minimal Assessment of Cognitive Function in MS (MACFIMS) neuropsychological battery was used to assess cognitive function. 24 The components of this battery are listed in Table 1 . Methods used for quantitative analyses of individual tests scores as well as dichotomization of participants into those who were cognitively impaired vs cognitively intact were performed according to the recommendations of the MACFIMS consensus panel. 24 
Statistical Analysis
Group differences were assessed by Wilcoxon rank sum test and correlations by Spearman rank correlation testing. Healthy volunteer data were included only in group comparisons as indicated in the tables and figures and were not included in correlations with disability. Logistic regression was used to test whether MRI values predicted dichotomized clinical outcomes. A multiple logistic regression model was used with age and sex as covariates. To aid with interpretability, normalized lesion volumes were log-transformed, and ratios, such as BPF, were converted to a percent value. This process resulted in odds ratios (ORs) representing the increase in odds for each percentage point increase in the MRI quantity for ratios and 
Results
Thirty-six participants with MS (30 relapsing-remitting, 6 secondary or primary progressive) and 15 healthy volunteers were recruited. There were no significant differences between those with MS and the control participants for age, years of education, or premorbid intelligence ( Cortical lesions were found in 35 of 36 participants with MS (97%), with a median of 16 lesions per participant (range, 0-99). Almost no CLs were seen in the controls, indicating that the identified CLs were not due to image artifact. Interrater reliability was modest (eTable 1 in the Supplement) but similar to that in previously reported 7-T methods and far superior to prior 3-T double-inversion recovery studies. 8 Intrarater concordance was excellent (concordance coefficient, 0.96). Intracortical lesion count was significantly increased in individuals with secondary progressive and primary progressive MS, and there were nonsignificant trends toward greater CL count and volume in individuals with secondary progressive and primary progressive MS for total CLs, LC and SP lesion subtypes, and the CL subtype ratio for volume ( Table 2) . The count and volume of total CLs and each subtype significantly correlated with disability as measured by the EDSS score ( Table 3 ). The magnitude of correlation between EDSS scores and the degree of cortical involvement was similar to that for EDSS and BPF (ρ = −0.64; P < .001) and twice the magnitude of the EDSS score and WM lesion volume (ρ = 0.36; P = .04). Cortical lesion measures and BPF both correlated with the MSFC results, whereas WM lesion volume did not. Total b Participants with more severe disability (EDSS score, ≥5.0) had approximately twice the CL burden of those with less disability (EDSSS score, <5.0) ( Table 2 ). Subpial lesion count was higher in those with EDSS scores of 5.0 or more (median, 9; range, 0-30) compared with EDSS scores of less than 5.0 (median, 3; range, 0-19) (P = .03). The remainder of the CL subtypes had nonsignificant trends toward greater severity in participants with EDSS scores of 5.0 or more. Although BPF was lower in individuals with EDSS scores of 5.0 or more, no significant differences based on disability stratification were seen for WM volume, cortical GM volume, and WM lesion volume, or for any of the CL subtype ratios or CL-WM lesion ratio.
Leukocortical lesion count and total CL and LC lesion volumes were greater in participants with cognitive impairment compared with those without cognitive impairment ( Table 2 ). The CL subtype ratio for volume was also increased in participants with cognitive impairment (median, 1.64; range, 0.38-47.84) compared with those with normal cognition (median, 0.59; range, 0.15-9.28) (P = .02).
Logistic regression for prediction of clinical outcomes by MRI values, adjusted for age and sex, found no significant relationship between MRI outcomes and EDSS score or progressive phenotype (eTable 2 in the Supplement). However, the odds of cognitive impairment were increased by more than 3-fold and for each natural log increase (approximately double) in CL volume (OR, 3.36; 95% CI, 1.07-10.59; P = .04) and more than 9-fold for approximate doubling of LC lesion volume (OR for log[leukocortical lesion volume], 9.65; 95% CI, 1.70-54.59; P = .01). An increase in the CL subtype ratio for volume was also predictive of cognitive impairment (0.048). Cortical lesion volume and LC lesion volume were also found to be independent predictors of cognitive impairment in a multivariate model that included cortical GM volume, WM volume, WM lesion volume, age, and sex (eTable 3 in the Supplement). In this multivariate model, an approximate doubling of the CL volume resulted in a 14.26 (95% CI, 1.06-192.37; P = .045) increase in the odds of cognitive impairment, and an approximate doubling of LC lesion volume resulted in a 40.96 (95% CI, 1.26-1369.23; P = .04) increase in the odds of cognitive impairment. Evaluation of individual variables in the multivariate model found that the increased odds were primarily driven by the addition of cortical GM volume to the model.
The association between CL volume and standard MRI outcomes was also investigated (Figure 2 and eTable 4 in the Supplement). Total CL volume and LC and IC lesion volume correlated with BPF, but SP lesion volume did not. The only CL subtype that correlated with WM lesion volume was LC lesions (ρ = 0.50; P = .003). The only CL subtype that correlated with cortical GM volume was SP lesions (ρ = −0.36; P = .04). 
Discussion
In this study, we found CLs to be associated with disability scores, a progressive phenotype, and cognitive impairment. These findings are in keeping with previous imaging and histopathology studies in MS. 11, 13, 14, 26, 27 Our finding that CL volume predicts cognitive impairment independent of WM lesion volume or atrophy supports the notion that assessments of inflammatory WM pathology alone provide an insufficient appraisal of the pathology responsible for disability in MS. 28 Given the established low sensitivity of 1.5-T and 3-T MRI techniques for identification of CLs, 8, 10 consideration should be given to integration of high-field MRI into future MS research and clinical trials. Although the availability of 7-T MRI at present limits this approach, our data show that it is feasible to perform clinicalquality, whole-brain imaging in reasonable scan times and to quantify clinically relevant WM and GM pathology. Although associations were seen in this study between CLs and disability scores and a progressive phenotype, we found that these associations were not independent of age and sex. Since the age of an individual with MS has an established association with disability scores (also seen in our data) and the likelihood of progression, 29 this finding is likely indicative of the coupling of the accumulation of CLs to the general longterm disease processes of MS. The longitudinal accumulation of CLs and its association with disability have been demonstrated at lower field strengths 5, 14 but have yet to be confirmed with high-field imaging.
The association between cognitive impairment and CL volume was independent of age and sex in this cohort. This striking finding may indicate that disproportionate or earlier CL accumulation may be a predisposing factor for cognitive impairment. 30 The association between cognitive impairment and CL volume was also independent of atrophy and WM lesion volume, which may explain why some patients with MS can exhibit apparent disease stability with conventional MRI while continuing to accrue the "silent" symptoms of MS (eg, cognitive deficits, fatigue). Although the odds of cognitive impairment predicted by CL volume in our multivariate model was high, this estimate may be inflated by the contribution of cortical GM atrophy, which is a risk factor for cognitive impairment, 11 vs false inflation owing to widening confidence intervals. This study also furthers our understanding of the differing clinical impact and pathologic sources of CL subtypes. We found that SP lesion volume correlated with cortical GM atrophy but not with WM lesion volume. On the other hand, LC lesions strongly correlated with WM lesions without a significant correlation with cortical GM atrophy. This finding implies that LC lesions may be triggered by the same processes as WM lesions, whereas SP demyelination is not. Our in vivo findings coincide with pathologic evidence for a link between diffuse, SP cortical demyelination and local meningeal inflammation, as well as atrophic and degenerative processes in both the cortex and normal-appearing WM, all of which is independent of WM lesion burden. 26, 27, 31 Of the 3 CL subtypes, LC lesions were most clinically relevant, potentially indicating a pathologic difference between these lesions and other CL subtypes. The LC lesions are more likely to show histopathologic signs of active or chronic inflammation and have a high density of transected cortical neurites, whereas nearly one-half of SP lesions appear to be chronically inactive, and the overall density of transected neurites is less than other CL subtypes. 4 Substantial glial cell loss and reduc- The involvement of both GM and WM in LC lesions may also explain their relationship to cognitive impairment, not only resulting in local cortical GM damage but also causing interruption of critical cortical-cortical and subcortical pathways, both of which are linked with cognitive impairment in MS. 11, 14, 33, 34 The weaker correlation of SP lesions and disability seen in the present study could also be the result of poor visualization of SP demyelination on MPRAGE. With the use of a 7-T fast low-angle shot (FLASH-T2*) imaging technique, a recent study at the Beth Israel Deaconess MS center 21 had comparable findings for LC lesions but found a greater proportion of SP lesions and significant correlations between SP lesions and disability. Direct comparisons with the present study are difficult, as their imaging protocol used a 2-D acquisition with prolonged scanning of 2 designated brain slabs at fine resolution, and we used a 3-D acquisition at lower resolution across the entire brain. The difference in SP lesion identification could thus be biased by the brain location chosen for analysis by the Beth Israel Deaconess study, differences in resolution, or an advantage of the FLASH-T2* imaging technique over MPRAGE for identification of SP lesions. The poor interrater reliability of SP lesion identification in our study (eTable 1 in the Supplement) may indicate the differences in the sensitivity of these techniques, although, to our knowledge, a similar analysis for independent raters by subtype has not been reported by other authors for their techniques. Although the 2-D approach used by the Beth Israel Deaconess study allows for greater inplane resolution, section thickness is large and has implications for potential overcounting of individual SP lesions as multiple lesions since SP lesions can be amorphous and traverse large areas of cortex. Our 3-D acquisition allows for full brain coverage and for determination of the effect of the volume of CLs on disability, which, to our knowledge, have not been previously reported with high-field imaging. There is currently no standard method for CL identification, especially at high-field imaging. Although retrospective review of 7-T T2*-weighted images after reviewing corresponding pathologic brain sections shows high sensitivity for identification of CLs, prospective CL identification using this sequence and others is still poor. 35, 36 In reality, 7-T FLASH-T2*, MPRAGE, MPFLAIR, and other sequence types are all viewing only the "tip of the iceberg," with a large percentage of true cortical pathology being difficult to visualize. 37 Although the improved signal to noise ratio of 7-T MRI allows for the resolution necessary to visualize smaller CLs, the smaller amount of inflammatory and gliotic change in CLs compared with WM lesions 4, 38 likely results in less profound signal change on MRI.
The data presented here are limited by a small sample size. Consequently, our comparisons between relapsing-remitting and progressive MS should be taken as preliminary. Adjustment of significance for multiple comparisons was not undertaken; therefore, the strength of the conclusions must be tempered in turn. However, a full accounting for tests performed as well as specific P values and levels of significance were included in our report to further the interpretability of the results with respect to multiplicity. Because the comparisons made were interrelated and the findings of this study are biologically plausible and internally consistent, the face validity of the results is high. 39 In addition to a larger sample, future work should evaluate the long-term implications of these crosssectional findings with longitudinal follow-up.
Conclusions
Despite limitations, our data support the use of 7-T MRI as a tool for quantification of cortical pathology in MS. Furthermore, our findings of CL volume as an independent predictor of cognitive impairment highlights the need to determine whether current disease-modifying drugs reduce CL formation. If this drug class is not effective in CL prevention, this line of research may spur the development of novel therapeutics capable of reducing CLs and their associated disability.
